Background
The study protocol was approved by the local Ethics Committee of "Azienda Ospedaliera Universitaria (AOU) Ospedali Riuniti" of Ancona in Italy (NCT01584999, www.clinicaltrials. gov). Written informed consent was obtained from the enrolled patients or their next of kin.
Patients
Between February 2011 and 2012, adult patients admitted to the 12-bed Intensive Care Unit of the AOU Ospedali Riuniti of Ancona with sepsis, severe sepsis, or septic shock as diagnosed according to standard criteria [17] and requiring blood transfusion for Hb levels <8 g/dL or as indicated by the attending physician (in accordance with the local hospital guidelines) were eligible to participate. Exclusion criteria were: age <18 years, previous blood transfusions during their ICU stay, previous history of coagulation disorders, cardiogenic or hemorrhagic shock, pregnancy, factors impeding the sublingual microcirculation evaluation (oral surgery, maxillofacial trauma). Sedation and analgesia were provided according to individual needs, as well as the type of fluids infused (crystalloids and colloids) and adrenergic agents (norepinephrine, dobutamine). The goal was to maintain a mean arterial pressure of 65 mmHg as recommended by the international guidelines of the Surviving Sepsis Campaign (2008) [18] . Fluid infusion and furosemide treatment were titrated according to individual needs, in order to maintain an adequate urine output (>0.5 mL/kg/h) [18] .
Interventions
The enrolled patients from the primary study randomly received either fresh non-leukodepleted RBCs (<10 day storage), fresh leukodepleted RBCs (<10 day storage) or old non-leukodepleted RBCs (>15 days storage). Blood product randomisation was performed through sealed envelopes by a physician at the blood bank, who blindly provided the blood bags to the ICU; neither the attending physician nor the investigators nor the patients were aware of the type of RBCs transfused. Herein, we present data from the fresh non-leukodepleted and old non-leukodepleted groups, hereafter referred to as fresh RBC and old RBC groups.
Basic haemodynamic and blood gas parameters
All measurements were performed in each patient immediately before and 1 hour after the end of all RBC transfusions; these time points were chosen on the basis of those reported in previous studies [19] [20] [21] . We recorded temperature (T), heart rate (HR) and mean arterial pressure (MAP). Arterial blood samples were withdrawn in order to assess Hb level, whole blood cell counts, blood gases (pH, paO₂, paCO₂, SaO₂, paO₂/FiO₂, HCO₃ -, base excess [BE]) and lactate (Lac) levels. For each participant, the Simplified Acute Physiology Score (SAPS) II was obtained at admission and the Sequential Organ Failure Assessment (SOFA) score [22] on the study day.
Free haemoglobin measurement
Arterial blood samples were withdrawn before and 1 hour after transfusion and immediately centrifuged; plasma samples were stored at -70°C for subsequent analysis. In addition, samples were withdrawn from each transfused RBC-unit; the supernatant was obtained by centrifugation and stored at -70°C for subsequent analysis. fHb was quantified in each sample through colorimetric assay using the Drabkin's reagent (Sigma-Aldrich, Saint Louis, Missouri, USA).
Microcirculation measurements with sidestream dark-field (SDF) imaging
Sublingual microcirculatory density and flow were monitored using sidestream dark-field (SDF) videomicroscopy (Microscan, Microvision Medical, Amsterdam, the Netherlands) before and 1 hour after transfusion. Details on the SDF imaging technique have been described elsewhere [16, 23] . Videos from 5 different sites (at least 10 sec/site) were recorded at both time points with adequate focus and contrast and every effort was made to avoid movement and pressure artefacts. Poor-quality images were discarded and 3 images for each time point were selected and analysed using a computer software package (Automated Vascular Analysis Software, Microvision Medical BV, Amsterdam, The Netherlands). According to the consensus report on the performance and evaluation of microcirculation using SDF imaging [24] , total vessel density (TVD) and perfused vessel density (PVD) were calculated for small vessels (diameter <20 μm). The De Backer score was calculated as described previously [24] . The proportion of perfused vessels (PPV) and the microvascular flow index (MFI), reflecting microcirculatory blood flow velocity, were analysed semi-quantitatively in small vessels, as described elsewhere [25] . The flow heterogeneity index (HI) was also calculated as the highest MFI minus the lowest MFI divided by the mean MFI, providing an index of heterogeneous microcirculatory perfusion. In addition, SDF videos were automatically analysed using the GlycoCheck ICU software package (Maastricht University Medical Center, Maastricht, The Netherlands) in order to measure vascular lumen perfused boundary region (PBR). The PBR is considered an index of the dimension of the permeable part of the endothelial glycocalyx which allows the penetration of flowing RBCs [16, 26, 27] . Erythrocytes usually have limited access into an intact glycocalyx, when this is compromised and starts losing its protective capacity, its permeability increases, allowing circulating cells to approximate the luminal endothelial membrane. As a result, the dimension of the erythrocyte PBR will increase. A detailed description of this methodology can be found elsewhere [28] .
Peripheral O 2 and Hb measurements with near-infrared spectroscopy (NIRS)
Before and 1 hour after transfusion, near-infrared reflectance spectrophotometry (InSpectra™ Model 650; Hutchinson Technology Inc., Hutchinson, MN, USA) was used on the thenar emincence to measure peripheral tissue oxygen saturation (StO 2 ) and tissue Hb index (THI) [29, 30] at baseline and during a vascular occlusion test (VOT), using a 40% StO2 target for the ischemic phase [16, 31] . StO₂ was continuously recorded during the reperfusion phase until stabilization [32] . The StO₂ downslope (%/minute) was calculated from the regression line of the first minute of StO₂ decay after occlusion, providing an index of O₂ consumption rate. The StO₂ upslope (%/minute) was obtained from the regression line of StO₂ increase in the reperfusion phase. The area under the curve (AUC) of the hyperaemic response was also calculated. StO₂ upslope and the area under the curve (AUC) StO₂ reflect microvascular reactivity [32] . All the parameters were calculated using a computer software package (Version 3.03 InSpectra Analysis Program; Hutchinson Technology Inc.).
Sample size calculation and statistical analysis
The sample size had been originally calculated on the basis of MFI data (primary endpoint) [16] . The secondary analysis presented herein focused on a different objective (changes in plasma free Hb levels). The power of this analysis was assessed a posteriori.
Statistical analysis was performed using GraphPad Prism version 5 (GraphPad Software, La Jolla, CA). A Mann Whitney U test was used to evaluate differences between the two groups at baseline and after blood transfusion. Wilcoxon matched-pairs signed rank test was used for comparative analysis of data sets obtained before and 1 hour after RBC transfusion. A Spearman coefficient was evaluated to study the correlation between variables. In a supplementary analysis, non-normally distributed data were normalized whenever possible through logarithmic or reciprocal transformation and a two-way analysis of variance (ANOVA) for repeated measures was performed with Bonferroni post-hoc test in order to compare changes in the parameters of interest between the two groups. Data are presented as median (25 th -75 th percentiles), unless otherwise indicated. Differences were considered significant at p values <0.05.
Results
Twenty patients were studied in total (10 patients per group). Patient characteristics are shown in Table 1 . Sixteen patients out of 20 received 2 blood units, 3 patients received only 1 RBCunit (1 patient in the fresh RBC group, 2 in the old RBC group) and 1 patients in the fresh RBC group received 3 blood units. No other blood components were given during the study period. Storage was 4 [3.5-5] days in the fresh RBC group and 30 [22] [23] [24] [25] [26] [27] [28] [29] [30] days in the old RBC group. None of the included patients had a medical history of hemoglobinopathies, erythrocyte membrane defects, enzymatic defects of microangiopathies or any other disease that could induce hemolysis thus influencing plasma fHb levels. Hematologic, hemodynamic and gas exchange variables
Hematologic, hemodynamic and gas exchange variables before and 1 hour after transfusion in the two groups are presented in Table 2 . Baseline differences were found between the two groups: MAP was higher and lactate levels lower in the old RBC group (p<0.001 and p<0.01, respectively). Hb and Hct were elevated after transfusion in both groups (p<0.01 in all cases). MAP increased after transfusion in the fresh RBCs group (p = 0.04). BE decreased in both groups. Lactate levels differed significantly after transfusion between the two groups (p<0.01).
Results of two-way ANOVA are reported in S1 Table. Free hemoglobin Baseline plasma fHb levels did not significantly differ between the two groups (p = 0.07). Plasma fHb was elevated after transfusion only in old RBCs group (Table 3 , Fig 1A) . No difference was found in plasma fHb after transfusion between the two groups (p = 0.28). Fig 1B) . Two-way ANOVA showed a significant interaction between time and type of RBCs transfused, without revealing however any significant difference between the two groups at each time point (S1 Table and S1 Fig) .
A post-hoc analysis showed that our study with a sample of 10 patients per group was able to demonstrate the observed change in fHb after blood transfusion with a power >90% (type II error of 0.06). 
Microvascular response to fresh or old RBC transfusion
Sublingual microvascular parameters and NIRS-derived variables before and 1 hour after transfusion in the two groups are presented in Table 3 .
No difference was found in baseline values between the groups. We could not find any sig- All SDF-and NIRS-derived parameters did not differ after transfusion between the groups. Two-way ANOVA did not show any significant effect of the type of transfused RBCs on the changes in SDF-or NIRS-derived parameters after blood transfusion (S1 Table) .
No correlation was found between baseline SOFA score and microvascular changes after blood transfusions. respectively) (Fig 2B-2E and S2 Fig) . Changes in MFI, PPV, StO2 upslope, StO2 downslope and AUC StO2 were not correlated with the change in fHb. Open circles indicate patients in the fresh RBC group, full circles patients in the old RBC group.
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Discussion
In the present study, the transfusion of old RBCs was associated with an increase in plasma fHb in septic patients. We were not able to demonstrate any improvement in the microcirculation after transfusion in either group, nor did we find any clear difference in the microcirculatory response to the transfusion of fresh versus old RBCs. The change in plasma fHb after transfusion was negatively correlated with changes in sublingual microvascular density and peripheral tissue Hb content.
Increasing fHb concentration in the supernatant of packed RBCs has been described as a function of time during blood storage [8, 33] , and the transfusion of 2 packed RBC units increased circulating fHb levels in patients with hematologic malignancies [33] . In the present study, septic patients who received old blood transfusions showed an increase in plasma fHb, despite the absence of significantly higher fHb levels in the supernatant of old blood units. It is possible that the transfusion of older fragile erythrocytes led to premature intravascular RBC rupture in the recipients. We cannot exclude that the underlying critical illness had influenced our results: spontaneous changes unrelated to blood transfusion might reasonably explain the decrease in fHb observed in 6 patients out of 20.
RBC storage lesions can be responsible for the association between the transfusion of older blood and adverse outcomes [34] . Old RBCs decreased microvascular oxygenation and flow in rat isovolemic exchange models [35, 36] . Nonetheless, clinical data remain controversial [20, [37] [38] [39] . Marik et al. were the first to report a harmful effect of duration of RBC storage on systemic and tissue oxygenation in septic patients [40] , but this association was not confirmed [41] . RBC storage time showed no influence on the sublingual microvascular response to the transfusion of leukodepleted blood in patients with severe sepsis [19] . In the present study, the transfusion of non-leukodepleted blood did not apparently affect the sublingual microcirculation and no difference could be seen in the microvascular response to the transfusion of fresh versus old RBCs. Whereas both fresh and old RBC transfusions were able to increase the peripheral tissue Hb content, StO 2 , StO 2 downslope and StO 2 upslope increased significantly only in the fresh RBC group. Of note however, the old RBC group showed similar absolute changes: the study may have been underpowered to detect significant differences in these parameters.
We found an inverse relationship between the changes in the microcirculation and the change in plasma fHb. Independently of the age of the transfused blood or the baseline microvascular status, an increase in circulating fHb after transfusion was associated with a decrease in the sublingual microvascular density and a lower increase in peripheral tissue Hb content. We can speculate that these effects were mediated by disturbances in NO metabolism: cell-fHb can react with NO much faster than RBC-encapsulated Hb [42] and inhibit the NO-mediated vasodilation. Experimental studies showed that the infusion of the supernatant from stored RBCs produces potent vasoconstriction that is correlated with the amount of fHb in the storage medium [8] . Blood transfusion increased NO consumption in patients with hematologic malignancies [33] . Our results are consistent with these findings. Sepsis-induced deregulation in NO production is associated with impaired microvascular perfusion and reduced O 2 consumption [11] . Although inhibiting NO during sepsis increases blood pressure, it also reduces microvascular blood flow and exacerbates abnormal oxygen transport [43] . We found an increase in MAP in the fresh RBC group but not in the old RBC group: this would contradict the previous findings. However, the baseline between-group discrepancy may have confounded the results and prevents to draw any conclusion on this point. Increasing NO-scavenging by fHb due to old RBC transfusion may synergize with the underlying endothelial dysfunction, thus reducing NO bioavailability and producing relative vasoconstriction [44] . Notably, we studied stable patients with low baseline microvascular alterations, as indicated by PPV above 70% in all patients and median MFI above 2.6 in both groups [45] : the observed interaction might be more pronounced and deleterious in presence of severe underlying microcirculatory dysfunction. Although our results would suggest that there may be a relationship between the changes in plasma fHb and the microvascular response after transfusion, several points remain to be clarified, namely the role of the patient's underlying clinical condition and microcirculatory perfusion, and the potential advantages of pre-storage leukodepletion.
The microcirculatory response to blood transfusion is likely to be influenced by the underlying clinical and microvascular condition of the recipient. In our study, the heterogeneity of the studied population, which included patients with different severity of sepsis, may have been a source of variability in the response observed. More importantly, baseline disparities between the two groups (lower MAP and higher lactate levels in the fresh RBC-group) reasonably influenced the results and add to the uncertainty of our data. In fact, a relationship seemed to exist between baseline MAP and the increase in MFI. However, patients who received old RBC transfusions did not show any significant improvement in microvascular convective flow despite higher baseline MAP. Other factors could have played a role. In previous studies, the microvascular response to blood transfusion was negatively correlated with the baseline microcirculatory status rather than the age of the transfused blood units [19, 20] . Accordingly, in the present study the change in PPV was inversely related to its baseline value.
Our analysis was focused on a single aspect of packed-RBC storage lesions; other potentially important factors, such as loss of RBC deformability and accumulation of residual leukocytederived cytokines within the storage medium, were not considered. Some studies suggest that pre-storage leukodepletion may abrogate the detrimental effects of packed RBC aging [46] . The real role of inflammatory mediators from residual leukocytes in the development of storage lesions remains to be clarified. Future studies should investigate whether pre-storage leukodepletion may really preserve the integrity of stored RBCs and prevent the release of fHb.
The first limitation of the present study is that it is a secondary analysis of a randomized pilot study with a different primary endpoint. Moreover, we enrolled a small number of patients. However, a post-hoc analysis showed that our study had a power >90% to detect the observed variation in plasma fHb, which was the main objective of this investigation. The heterogeneity of the studied patient population may have been a source of variability, thus preventing to detect different effects of fresh versus old RBC transfusions. In addition, baseline differences between the two groups reasonably influenced the microvascular response observed and impeded a proper between-group comparison. Another limitation of our analysis is the fact that a large number of statistical tests was performed on a small sample size; it is possible that some of the observed associations were due to chance. Our investigation was designed as a pilot study aimed to detect any possible relationship between the type of transfused blood and changes in plasma fHb and/or microcirculation: therefore, a higher type I error rate was deemed acceptable and a correction for multiple comparisons was not applied as it would have substantially reduced the probability of finding any statistically significant associations [47] . A two-way ANOVA with Bonferroni post-hoc test performed after normalization of the data revealed a significant interaction between the type of transfused RBCs and the changes in plasma fHb after transfusion. However, our results are not conclusive and require validation from larger studies.
In our previous report [16] , we explored the impact of blood transfusion on the endothelial glycocalyx. Unfortunately, it was not possible to evaluate the relationship between variations in plasma fHb and markers of glycocalyx disruption (hyaluronan, syndecan-1, heparan sulphate) as these were not measured for the old RBC group due to cost reasons. Since the glycocalyx plays a major role in the shear stress-induced release of NO [48, 49] , future studies should be addressed to investigate its impact on NO bioavailability after the transfusion of stored blood.
Finally, only non-leukodepleted RBCs were used: this may limit the direct applicability of our results, as most developed countries currently use leukodepleted blood units. Nevertheless, the use of non-leukodepleted RBCs is still the standard practice in Italy, and universal leukoreduction has not been implemented yet in several countries including USA.
Conclusions
In the present study, the transfusion of old RBCs was associated with an increase in plasma fHb in a small and heterogeneous population of septic patients. The sublingual microcirculation appeared globally unaffected by the transfusion of either fresh or old RBCs. Independently of the type of blood received and the baseline microvascular status, increasing plasma fHb levels after transfusion were associated with decreasing sublingual microcirculatory density and lower increase in peripheral tissue Hb content after transfusion. Further studies are needed to confirm these findings.
Supporting Information Table. Two-way analysis of variance for repeated measures. Normality of distribution was checked through the Shapiro-Wilk normality test. Non-normally distributed variables (fHb, MFIs, De Backer score, PVD, StO 2 downslope, AUC StO 2 , HR, PaO 2 /FiO 2 ) were normalized whenever possible through logarithmic or reciprocal transformation as appropriate. Data were analyzed through a two-way analysis of variance for repeated measures with Bonferroni posthoc test. A p value <0.05 was used to indicate statistical significance. The variables Microcirculatory Flow Index and Flow Heterogeneity Index could not be normalized and the parametric statistics was not applied in these cases. (PDF)
